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ABSTRACT
In the present paper a theoretical interpretation of observational characteristics of
the pulsar PSR J0540-6919 is suggested. In particular, we provide a theoretical model
explaining the presence of two peaks in the radio domain and the broadening of these
peaks at higher frequencies. The model also explains the pulse-phase coincidence of
emission peaks at different frequencies and shows the physical, “genetic” connection
between the radio emission at frequencies of the order of GHz with gamma emission
up to GeV energies.
Key words: Pulsars: individual: PSR J0540-6919 – Radiation mechanisms: non-
thermal.
1 INTRODUCTION
Recently the Fermi-LAT collaboration reported detection
of pulsed GeV gamma-rays from the young pulsar PSR
J0540-6919 (hereafter J0540) in the Large Magellanic Cloud
(Fermi LAT Collaboration 2015), which is the first gamma-
ray pulsar detected in another galaxy. Although, J0540
shares many similarities with the Crab pulsar and is often
called ”Crab’s twin”, its isotropic, pulsed gamma-ray emis-
sion exceeds the Crab pulsar’s by a factor of 20. The spin
period of this pulsar is P = 50ms, the rotation power is
E˙ = 1.5 × 1038erg s−1, while the magnetic field strength at
the light cylinder is BLC = 3.62 × 105G. Similarly to the
Crab pulsar, J0540 also reveals the pulsed emission in radio,
X-ray and optical domains, and it is very important to note
that these emission components are aligned. However, unlike
the case of the Crab pulsar, the shape of the pulse varies over
the different bands (see Fig. 2 in Fermi LAT Collaboration
(2015)). In particular, the pulsed radio emission exhibits two
narrow peaks separated by ∆ ∼ P/4 in pulse phase. For
the higher frequencies the double-peak pattern is not that
clearly pronounced, but it can be still noticed on top of a
broader profile. However, the phase-alignment of the mea-
sured signal peaks seems to indicate that the emission in
different energy bands is generated in the same spatial re-
gion of the pulsar magnetosphere. In the present paper we
develop a model that explains the presence of the phase-
alignment of these signals. The model naturally leads to the
explanation of other observed emission features of the J0540
pulsar.
⋆ E-mail: g.machabeli@iliauni.edu.ge
We assume that the observed emission is formed in
the electron-positron (e−e+) plasma of the pulsar magne-
tosphere. The basis for the pulsar emission models is the
process of the birth of electron-positron pairs (Klepikov
1954; Deutsch 1955; Erber 1966; Goldreich & Julian 1969;
Sturrock 1971; Ruderman & Sutherland 1975; Michel 1982).
A spinning magnetized neutron star generates an electric
field directed along the open magnetic field lines, The field
extracts electrons from the star’s surface forming a low num-
ber density (nb0 = B0/(ceP ) plasma, where B0 is the mag-
netic field at the star’s surface, P is the pulsar spin pe-
riod, e is the electron’s charge and c is the speed of light).
The primary beam of particles with energies γb ∼ 10
6 − 107
(Goldreich & Julian 1969) is created. The particles moving
along the magnetic field lines radiate γ-quanta, which, in
turn, produce electron-positron pairs. The pitch angle of
the particles which are being produced is non-zero, so that
secondary particles generate synchrotron radiation. This ra-
diation, in turn, produces more and more pairs until the
plasma becomes sufficiently dense to screen the “parent”
electric field. As a result a multicomponent magnetospheric
plasma is formed. In this medium different plasma processes
may develop, resulting in emission generation, observed as
a pulsed radiation from pulsars.
The paper is organized as follows. In the second section
we describe the emission model, in section three we consider
the possibility of re-acceleration of the beam electrons far
from the star surface, in the fourth section, on the basis of
our model, we derive the theoretical synchrotron spectrum
for the high and the very high energy γ-ray emission of the
J0540 pulsar and in the concluding, fifth section we discuss
our results.
c© 2015 The Authors
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Figure 1. Distribution function for a one-dimensional electron-
positron plasma of pulsar magnetosphere.
2 WAVE GENERATION IN PULSAR
ELECTRON-POSITRON PLASMA
According to the observations J0540 reveals both low-
frequency radio also the high-frequency X-ray and γ-ray
pulsed emission. We do assume that the whole spectrum
is generated in the magnetospheric e−e+ plasma. For ex-
plaining the radio emission of pulsars one of the very first
models was a polar-cap model, which surmises that bunches
of charged particles, moving along the curved magnetic field
lines, are emitting in the radio range via the curvature ra-
diation process (Radhakrishnan & Cooke 1969). Assuming
that along the field lines move magnetopsheric electrons and
positrons, we investigate possible mechanisms of radiation
generation in the e−e+ plasma.
For the radio frequencies the analogy of curvature emis-
sion in the e−e+ plasma was exstensively studied, bearing
in mind the well-known fact that the relativistic particles
emit radiation while moving along curved magnetic field
line. In this case, one has to take into account the wave
interference as n−1/3 < λ (here n is the number density of
plasma particles and λ is wave-length). It was shown that
the emission generated by flux of plasma particles through
this mechanism is suppressed via the wave interference pro-
cess (Blandford 1975; Melrose 1980). Later the influence of
inhomogeneity on the development of this process was also
studied. In particular, it was clarified how the spatial inho-
mogeneity of the magnetic field influences the onset of emis-
sion generation in magnetospheric plasma (Kazbegi et al.
1991; Lyutikov et al. 1999). These studies showed that e−e+
plasma can generate radiation in the radio domain through
the modified curvature mechanism, the so called Cherenkov-
curvature mechanism that occurs at the resonance:
ω − k‖v‖ − k⊥u⊥ = 0, (1)
where u⊥ = γv‖c/ωBRB is the drift velocity of the particles
caused by the curvature of the field lines, RB is the curva-
ture radius of the field line, ωB = eB/mc, while B is the
pulsar magnetic field and m is the electron mass. A weak
inhomogeneity of the magnetic field results in a curvature
drift motion of a particle directed normally to the local plane
of the magnetic field line. It is important to emphasize that
three factors are essential for the efficient realization of this
type of emission:
(i) The presence of a strong magnetic field.
(ii) The existence of spatial inhomogeneity of the field.
(iii) The refraction index of the medium has to be larger
than unity.
The drift motion of the particles violates the axial sym-
metry of the considered process. The parallel and perpendic-
ular components of electric field of waves are coupled, pro-
voking appearance of additional terms in the dispersion rela-
tion, maintaining the resonance condition (1). The problem
of the generation of electromagnetic radio waves in the in-
finitely large magnetic field approximation B →∞ was thor-
oughly examined in (Gedalin et al. 2002a,b). In these papers
the inhomogeneity of the medium is neglected and one con-
siders the oblique propagation of waves, which again leads
to the violation of the axial symmetry. Even when the wave
vector is supposed to have the following form k = (k⊥, 0, k‖)
it does not result in the separation of the parallel and per-
pendicular components of the wave electric field vector E‖
and E⊥ in the dispersion relation. This circumstance, by it-
self, is responsible for the appearance of the terms containing
the Cherenkov resonance in the dispersion relation:
ω − k‖υ‖ = 0. (2)
Since it appears to be a Cherenkov-type resonance, it
immediately follows that the presence of a sub-luminous
wave with the phase velocity smaller than the speed of
light is essential. It is well known that if the speed of a
charged particle exceeds the medium speed of light the
Cherenkov radiation is generated (Cˇerenkov 1937). For the
high-frequency radiation the pulsar magnetospheric plasma
appears to be transparent, because in this case the average
distance between the plasma particles n−1/3 ≫ λ. Conse-
quently, the emission of individual particles is adding up
without wave-interference effects. Furthermore, apart from
the above-mentioned reasons, the wave generation processes
in the pulsar magnetosphere also depends on the form of
the distribution function of plasma particles. It is important
that the number of particles generating emission is larger
than the number of those particles that absorb radiation.
For the magnetospheric e−e+ plasma the distribution func-
tion f0(γ) contains areas, where ∂f0/∂γ > 0 and the wave
generation through the resonances (1) and (2) happens to
be possible. It is well-known that the plasma distribution
function is one-dimensional, as electrons and positrons loose
their perpendicular momenta in a very short time (≤ 10−20s)
due to synchrotron radiation in a very strong pulsar mag-
netic field near the star surface.
Yet another essential plasma process that makes the
one-dimensional plasma unstable is cyclotron-Cherenkov
instability, developing at the anomalous cyclotron reso-
nance (Lominadze et al. 1979; Machabeli & Usov 1979b;
Lominadze et al. 1983; Kazbegi et al. 1991; Lyutikov et al.
1999)
ω − k‖υ‖ − kxux = −
ωB
γr
, (3)
here γr is the Lorentz factor of the resonant particles and
the resonance condition is written for the weakly inhomoge-
neous magnetic field case. In vacuum conditions the anoma-
lous Doppler effect can not be realized. In the present work
we investigate in more details the anomalous cyclotron reso-
nance and apply it for the explanation of the observed emis-
sion properties of the J0540 pulsar.
The one-dimensional distribution function, appearing
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particles, has the shape shown on Fig.1 (Tademaru 1973;
Arons 1981) and consists of the following two components:
• the bulk of plasma with the particle concentration
at the neutron star’s surface np ≈ 10
20−21cm−3 and the
Lorentz-factor γp ≈ 10
2 (the dipolar magnetic field) or γp ≈
(3−10) (the quadrupole magnetic field) (Machabeli & Usov
1989);
• the long, extended, one-dimensional tail of the distribu-
tion function with γt ≈ (10
3− 105), nt ≈ (10
16− 1017)cm−3
and the most energetic primary beam with γb ≈ (10
6− 107)
and nb ≈ (10
11 − 1012)cm−3 (Goldreich & Julian 1969).
The one-dimensionality of the distribution function is a
reason for the development of the plasma instability that re-
sults in wave excitation when the resonance condition (3) is
met. As the estimations show, for the typical pulsar param-
eters, wave excited through the anomalous cyclotron reso-
nance belong to the radio frequency range. At the quasilin-
ear stage of this process the generated radio waves affect
inversely the unperturbed distribution function and lead to
the particle diffusion along and across the magnetic field.
This, in its turn, leads to the stabilization of the instability.
Through this process the particles obtain the perpendicu-
lar momenta and start to radiate through the synchrotron
mechanism in much higher frequency domain! These high-
frequency waves satisfy n−1/3 > λ condition and the system
ceases to be closed. Therefore, the radio an high frequency
emission are both generated simultaneously and in the same
spatial location of the pulsar magnetosphere that may nat-
urally explain the observational evidence for the pulse-peak
coincidence for different frequency ranges.
We will show below that the radio waves can be gener-
ated via the anomalous Doppler effect only on the periphery
of the pulsar magnetosphere, on the distances of the order
of the “light cylinder radius”, i.e., the distance from the pul-
sar, where the linear velocity of rotation matches the speed
of light. In reality, when the light cylinder surface is being
approached, the magnetic field lines start to bend in the
opposite direction of the star rotation.
In order to analyze the resonance condition (3) one
needs to know the properties of the fundamental modes
of e−e+ plasma. They were investigated in a series of
works Volokitin et al. (1985); Arons & Barnard (1986);
Kazbegi et al. (1991); Lyutikov et al. (1999). It was shown
that in e−e+ three branches of wave modes can propagate
tangentially to the magnetic field lines, can escape the mag-
netosphere and reach an observer: the purely transversal
mode with electric field perpendicular to k -B plane and
longitudinal-transverse waves with the electric field in the
k -B plane with two branches: the ordinary and the Alfve´n
mode. For small angles of propagation with respect to the
magnetic field (θ2 ≈ k2⊥/k
2
‖ ≪ 1) the dispersion relations
for these waves in the laboratory frame can be written as
[δ = ω2p/4γ
3
pω
2
B, ω
2
p = 4π
2np/m]:
ωt = kc(1− δ), (4)
ωlt = k‖c(1− δ − k
2
⊥c
2/4γpω
2
p), (5)
(ωLt)2 = ω2pγ
−3
p + k
2
‖c
2. (6)
It should be noted that these waves are frequently called
X, O and A modes. In the next section we will consider in
detail the excitation of an extraordinary (X) mode, hereafter
referred to as “t-waves”.
3 ANOMALOUS DOPPLER RESONANCE
Let us insert the expression (4) into resonance condition
(3)and use the expansions for the following quantities υ‖ ≈
c(1−1/2γ2r−u
2
x/2c
2), k = k‖(1+k
2
⊥/k
2
‖)
1/2 ≈ k‖(1+k
2
⊥/2k
2
‖)
and k⊥ = (k
2
x + k
2
y)
1/2, then we will get
1
2γ2r
+
1
2
(
θ −
ux
c
)2
+
k2y
2k2
‖
− δ ≈ −
ωB
γrk‖c
. (7)
The first three terms on the left hand-side of the equation
(7) are positive and it is clear that in order to satisfy this
equation one needs the following condition to be satisfied:
|δ| >
1
2γ2r
+
1
2
(
θ −
ux
c
)2
+
k2y
2k2
‖
. (8)
However, this condition does not exclude the possibility of
the equality θ ≈ ux/c, which guarantees that the condition
(8) holds for the resonant particles with the high Lorentz
factors. The mentioned condition, when k2y ∼ k
2
x will take
the form:
|δ| > u2⊥/2c
2. (9)
When the following condition is satisfied:
θ ≈ u⊥/c, (10)
the emission beams coming from radiation generation region
form tapered segment and the section of this cone has the
shape shown on Fig. 2. If the observer’s line of sight inter-
sects the hollow part of the cone then the detected emission
will have the observed two-peak profile. This type of emis-
sion is frequently called ’conal-emission’ (Rankin 1983). The
angular distance between the pulse peaks is defined from the
condition (10). Although, it should be mentioned that the
presence of two-peaks in the emission profile can be also
interpreted in other ways: the orthogonal rotator or the al-
most aligned rotator (Manchester & Taylor 1977). However,
for the first case the distance between the peaks must be of
the order of 180◦ and for the second case generation of the
emission from different frequency bands happens in different
locations in the pulsar magnetosphere and it is not possible
to have the pulse-phase coincidence for them.
Let us estimate the quantities θ and delta. Assuming
that at the star surface np ∼ 10
21cm−3 and that this quan-
tity reduces with a cubic law, just like the magnetic field
does, the plasma particle number density at the light cylin-
der distances will be nLcp ∼ np(r0/rLc)
3 (where r0 ≈ 10
6cm
is the neutron star radius and rLc ∼ 10
8cm is the radius of
the light cylinder). According to Fermi LAT Collaboration
(2015) one can write for the magnetic field at the light cylin-
der BLC ≈ 3.6 ·105G. Consequently we will get δ ≈ 7 ·10−4 .
From the resonance condition (7) and the equation
MNRAS 000, 1–6 (2015)
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Figure 2. The possible pulse-profile shapes for the radio emission
of the pulsar generated via the anomalous doppler resonance.
(8) one can estimate the frequency of the waves generated
through the cyclotron resonance:
ω ≈ k‖c = ωB/γrδ. (11)
The region where the waves are generated is located in the
periphery area of the magnetosphere, where the magnetic
field lines start to change their actual curvature (let us as-
sume that RB ∼ 10
7cm). From the expression (11) one can
see that near the light cylinder radio waves of the order
of GHz are generated when the resonant particles are the
fastest primary beam electrons with the Lorentz factors γr ∼
107. In this case θ ≈ u⊥/c ≈ 0.01, which comes in agreement
with the estimated distance between the pulse peaks from
the observations (Fermi LAT Collaboration 2015).
Frequently from pulsar observations modes with the
orthogonal electric fields (Manchester & Taylor 1977) are
found. This observable feature is very natural for the plasma
model presented in this work, as in pulsar pair plasma both
t and lt waves are generated.
Now let us consider excitation of lt waves through the
cyclotron resonance. The dispersion relation for these waves
is described by equation (5) and after applying it to the
resonance condition (3) one can get:(
δ +
k2⊥c
2
4γpω2p
+
k2x
2k2
‖
)
−
1
2
(
kx
k‖
−
ux
c
)2
=
ωB
γrk‖c
. (12)
From this equation one can see that the second term has
no impact on the wave generation condition, which implies
that the lt-waves fill the entire emission cone when gener-
ated through the anomalous Doppler resonance. The wave
generation takes place in a small angle range, for lt waves
θ ≪ 1. Contrary to this, for the t-waves, the emission beams
are limited from both sides u2⊥/c
2 = θ2 < 2δ (see condition
(9)). It is worthwhile to note that, while generated via the
Cherenkov resonance, both t and lt waves are forming the
hollow cone (Kazbegi et al. 1991; Lyutikov et al. 1999). We
assume that the absence of the second mode and the high
linear polarization of the radio pulses at 1 GHz would be a
good argument in favour of our emission model.
4 QUASI-LINEAR DIFFUSION
In this section we consider processes taking place in e−e+
plasma in the area, which is much smaller than value
of RB . The pair plasma in the pulsar magnetosphere
bears cylindrical symmetry and it is convenient to de-
scribe the processes in the momentum space in the cylin-
drical coordinates. After one finds the average over the
azimuthal angle the process can be described in two-
dimensional space of momenta p‖ and p⊥ along and across
the magnetic field lines. The back reaction of the gen-
erated waves on the resonant particles’ distribution func-
tion in the e−e+ plasma is described via the quasi-linear
equation (Lominadze et al. 1979; Machabeli & Usov 1979a;
Melrose 1980; Lominadze et al. 1983; Kazbegi et al. 1992).
We are interested to find the function f⊥, which describes
the particle distribution across the magnetic field after
the quasi-linear diffusion causes the particle redistribution.
The equation describing this process can be written as
(Chkheidze et al. 2013):
∂f⊥
∂t
=
1
p⊥
∂
∂p⊥
[
p⊥D⊥,⊥
∂f
∂p⊥
− p⊥F⊥f
]
. (13)
Here the perpendicular component of the synchrotron radi-
ation reaction force is:
F⊥ = αs
p⊥
p‖
(
1 +
p2⊥
m2c2
)
, αs = −
2e2ω2B
3c2
. (14)
and the diffusion coefficient:
D⊥,⊥ =
e2
8c
δ|Ek|
2
k=kres . (15)
The term containing the orthogonal diffusion coefficient in
Eq. (13) ensures appearance of perpendicular momenta and
their growth and the term containing the orthogonal reac-
tion force slows this process down. It leads to the balance
of the processes and the perpendicular distribution function
will remain stationary ∂f⊥/∂t = 0. The eq. (13) in this case
has a simple solution. When the condition γrψ ≫ 1 is met
one can write it as:
f⊥ ∝ exp
(∫
F⊥
D⊥,⊥
dp⊥
)
∝ e
−
(
ψ
ψ0
)
4
, (16)
here ψ ≈ (p⊥/p‖) ≪ 1 is the pitch angle of the resonant
particles and
ψ0 =
p0⊥
p‖
=
1
2ωB
(
3m2c2ω2p
p3
‖
γ3p
|Ek|
2
)1/4
. (17)
When the condition γrψ ≪ 1 is satisfied the solutions is
written in the following form:
f⊥ ∝ e
−
(
ψ
ψ0
)
2
, (18)
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5where the mean value of the pitch angle has the following,
different value:
ψ0 =
p0⊥
p‖
=
1
ω2B
(
3cω2p
32p‖γ
3
p
|Ek|
2
)1/2
. (19)
The process of quasi-linear diffusion causes appearance of
pitch angles that inevitably causes activation of the syn-
chrotron radiation mechanism. As the resonant particles are
the fastest beam electrons, they emit a high-frequency ra-
diation through the synchrotron regime. Indeed, the char-
acteristic photon energy emitted by relativistic electrons
through the synchrotron radiation process is ǫsyn ≈ 5 ·
10−18Bψγ2GeV (Ginzburg 1981). If we use Eq. (19) for the
mean value of the pitch angle (assuming that the conditions
γrψ ≪ 1 is satisfied for this pulsar), where one can assume
|Ek|
2 ≈ mc3nbγb/(2ωc), we obtain (Chkheidze et al. 2013)
ǫsyn(GeV ) ≃ 5 · 10
−18 π
γ4pB
(
3m5c7γ7b
16e6P 3
)1/2
. (20)
The estimations show that the beam electrons with the
Lorentz factor γb ∼ 10
7 radiate γ-photons with the energy
of the order of 10GeV. Consequently, the optical and X-
ray emission is generated via secondary plasma electrons
γp ∼ 10
3 and γt ∼ 10
5. These secondary plasma parti-
cles generate through the described mechanisms the low fre-
quency emission of the order of 1013Hz and 1011Hz and for
this domain the angle θ ≈ (u⊥/c) reduces. This interesting
circumstance can be used to test the presented model.
According to the equations (16) and (18), the syn-
chrotron emission has the different nature from radio emis-
sion and the conditions (9) and (10) do not play a role for it.
Unlike the radio emission case, the wavelength of the high-
frequency emission is λ ≪ n
−1/3
p . Therefore, the waves do
not “feel” the medium and there is no need to take into ac-
count the wave interference. We assume that the broadening
of the pulse profile in the higher frequency range can be ex-
plained via redistribution of particles by pitch angles. It is
worth noting that flattening of pulse profiles for the optical,
X-ray and gamma-ray emission is also observed for the Crab
pulsar (Manchester & Taylor 1977).
It is clear that when the above described processes de-
velop the resultant synchrotron emission power is fed by the
longitudinal kinetic energy of the resonant particles, which
is also partly spent on the radio wave generation. The max-
imum intensity of the high-frequency emission comes on the
maximum photon quantity, while the latter is proportional
to the density of emitting particles multiplied on the Lorentz
factor.
5 CONCLUSIONS
In this paper some aspects of the extremely bright gamma-
ray pulsar in the Large Magellanic Cloud (J0540) are con-
sidered. They are easily interpreted in the framework of
the pulsar emission model developed in (Lominadze et al.
1979; Machabeli & Usov 1979a; Lominadze et al. 1983;
Kazbegi et al. 1991; Lyutikov et al. 1999). In particular we
found out that:
(i) The possibility of the instability development is con-
sidered, which leads to the generation of radio emission at
the anomalous Doppler resonance.
(ii) It is demonstrated that at this resonance a “conal”
type of emission can be generated. We argue that this could
explain the presence of the double peak radio emission fea-
ture.
(iii) It is shown that at the quasilinear stage of the insta-
bility development the one-dimensional distribution func-
tion will acquire pitch angles. The latter opens the possi-
bility for the generation of the high-frequency synchrotron
emission.
(iv) Simultaneous generation of radio and high-frequency
emission in the same, spatially confined domain naturally
explains the observed coincidence of the emission peaks at
different frequencies (phase-alignment).
(v) Numerical studies show good agreement of the theo-
retical estimation of the distance between the peaks in radio
range with the observed one.
(vi) In the framework of the suggested model, on the basis
of the quasilinear diffusion calculation, the distribution over
the pitch angles is determined. The latter naturally explains
the observed broadening of the pulses at higher frequencies
relative to radio pulse shapes.
(vii) Often in pulsar emission subpulses two different
modes are detected with mutually orthogonal electric fields
(Manchester & Taylor 1977), which is quite expectable be-
cause both t and lt waves are generated. In our case the
presence of double peaks at the frequency of the order of
GHz is interpreted as the “conal” emission generated at the
anomalous Doppler resonance. We have shown that this kind
of emission is possible only for t-waves. Therefore, observed
radio emission pulses of the order GHz has to be character-
ized by the high degree of linear polarization and the absence
of the second mode.
(viii) A generic connection between low-frequency (1013−
1018Hz) and high-frequency (from the optical to X-ray and
gamma) emission is found out. It turns out that Lorentz fac-
tors for the generation of optical and X-ray emission have to
be 103 and 105, respectively. It has to lead to the decrease of
the distance between the peaks in the radio range. It may be
used as an important observational test for the verification
of the suggested model.
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